Abstract-In this paper, electrothermal field phenomena in electronic components are considered. This coupling is tackled by multiphysical field simulations using the Finite Integration Technique (FIT). In particular, the design of bonding wires with respect to thermal degradation is investigated. Instead of resolving the wires by the computational grid, lumped element representations are introduced as point-to-point connections in the spatially distributed model. Fabrication tolerances lead to uncertainties of the wires' parameters and influence the operation and reliability of the final product. Based on geometric measurements, the resulting variability of the wire temperatures is determined using the stochastic electrothermal field-circuit model.
I. INTRODUCTION
Micro-and nanoelectronic components are designed using computer simulations. Especially due to the continuous shrinking of elements, power densities increase and therefore thermal considerations in an early design stage are of major importance. This indicates the need for coupled electrothermal simulations. Additionally, small feature sizes lead to significant fabrication tolerances that need to be tackled by Uncertainty Quantification (UQ).
When designing bonding wires for the packaging of Integrated Circuits (ICs), the designer is left with the choice of its material and its thickness. There is a tradeoff between minimal cost and maximum performance. Moreover, the thinner the wire, the higher the probability of failure during operation. On the other hand, the length of a wire is predetermined by the geometry of the given package. While the material is commonly chosen according to economic aspects and its physical properties, the leftover design parameter is the wire's thickness. Bonding wire calculators allow to estimate appropriate parameters by simulation. Many electrothermal models have been proposed for dedicated bonding wire simulation. In particular, there are phenomenological models determined from measurement data and models derived analytically or by discretization from the electrothermal problem and combinations of those approaches, see e.g. [3] , [5] , [6] , [8] and the references therein.
To incorporate all physical effects, field simulation of integrated and discrete semiconductor power devices is well established. It is typically based on volumetric space discretization using for example the Finite Element Method (FEM) or the Finite Integration Technique (FIT) [9] , [10] . However, the treatment of dynamic electrothermal effects is still challenging due to the coupling [4] and in particular because of multirate and multiscale effects [2] , [7] . Resolving small features as thin wires is such a multiscale problem and therefore, many commercial simulators include various surrogate models to avoid discretizing the bonding wire in the computational grid, e.g. [5] .
In this paper, we discuss a framework for embedding lumped electrothermal bonding wire models into electrothermal field simulators. A nonlinear electric and thermal network based model is proposed and consistently coupled to the spatial discretization. As an application example, the global sensitivity of the bonding wires' temperatures w.r.t. their geometric parameters is investigated. This is necessary because manufacturing tolerances, measurement inaccuracies and model imperfections lead to deviations between simulation and reality.
The paper is structured as follows, section II introduces the coupling between electromagnetics and heat in the continuous setting while section III introduces the used discretization approach. Section IV explains the presence and treatment of uncertainties in the bonding wires. Results of the simulation are then discussed in section V while section VI concludes the paper.
II. ELECTROTHERMAL FIELD PROBLEM
On the one hand, if an electrical current is applied to a bonding wire, the temperature of the wire increases due to the Joule heating effect. On the other hand, a change in temperature of the wire leads to a change of the material parameters. Neglecting the temperature dependence of the volumetric heat capacity, the nonlinearity of electrical and thermal conductivities in temperature remains. After the introduction of the electrical and thermal sub-problems, this two-directional electrothermal coupling is described.
A. Electrical Sub-Problem
The distribution of electrical quantities can be described by the current continuity equation. Neglecting capacitive effects, only the stationary current problem
with suitable boundary conditions is considered. Here, σ is the electrical conductivity, ϕ the electrical potential and T = T (t) the time dependent temperature. The spatial dependencies are suppressed to keep the notation short. A generalization to electroquasistatics is straightforward.
B. Thermal Sub-Problem
Thermal heat is distributed due to conduction, convection and radiation. In the general form, the transient heat equation describes conduction and is given by
where ρc is the volumetric heat capacity and λ the thermal conductivity. The power density Q represents heat sources that affect the system. In this paper, we assume three different sources to contribute to this heat source
First, heat can be generated by the Joule heating term Q el resulting from the electrical contribution. Secondly, heat exchange with the environment is described by the boundary term Q bnd . Thirdly, the considered bonding wire acts as an external heat source Q bw since it is not resolved by the grid (see section III-B). These quantities will be explained throughout this paper. The heat exchange with the environment is modeled as Dirichlet, adiabatic, convective or radiative conditions.
The boundary term Q bnd = Q conv + Q rad contains a contribution of convective and radiative effects given by
In these equations, q conv and q rad are the heat fluxes that leave a volume V due to convection or radiation as given by
∞ n, respectively. Here, n is the outward-pointing normal, h the heat transfer coefficient, ε the emissivity and σ SB the StefanBoltzmann constant. As boundary effects are dominated by the boundary nodes and the environment, T bnd is the temperature at the boundary and T ∞ the ambient temperature.
C. Electrothermal Problem
By combining the transient heat equation with the stationary current problem, we obtain the nonlinear electrothermal system
with suitable boundary and initial conditions. The Joule heating due to the stationary current problem is described by Q el = (∇ϕ) σ(T )∇ϕ resulting from the electrothermal coupling from electrical to thermal side. The two-directional coupling is established by the temperature dependence of λ and σ.
III. DISCRETIZATION BY FIT

A. Field Model
The coupled electrothermal problem is discretized in space using the FIT [9] , [10] on a staggered 3D hexahedral grid pair. For simplicity of notation, a staircase material approximation at the primary grid is assumed, i.e., each primary cell is assumed to consist of a homogeneous material. The discrete unknowns, i.e., the electric potentials Φ as well as the temperatures T are allocated at the nodes of the primary grid. The voltages and the temperature drops at the primary edges are found as differences, i.e., e = −GΦ and t = −GT where G is the discrete gradient operator consisting of 0, 1 and −1 entries according to the topology of the primary grid. The currents j and the heat fluxes q are allocated at the facets of the dual grid. The currents and heat fluxes accumulating at the dual cells are calculated by S j and S q where S is the discrete divergence operator containing 0, 1 and −1 entries according to the topology of the dual grid. The duality of the grids gives rise to the property G = − S .
The currents j = M σ e and the heat fluxes q = M λ t are related to the voltages and temperature drops by the electrical and thermal conductance matrices M σ and M λ , respectively. In the case of a mutually orthogonal grid pair, every primary edge crosses a unique dual facet perpendicularly. In that case, the primary edges and dual facets can be indexed similarly and the material matrices M σ and M λ are diagonal with the entries
where i is the length of primary edge i andÃ i is the area of dual facet i. The material parameters σ and λ are found by a volumetric averaging of the corresponding parameters of the primary cells touching the considered primary edge. The thermal capacitance matrix M ρc relates the heat power to the temperature change, i.e., QṪ = M ρcṪ and operates between the primary nodes and the dual cells. Also here, a oneto-one relation is present and the indexing scheme is shared. The diagonal entries of M ρc read M ρc,j,j = ρc jṼj whereṼ j is the volume of dual cell j. Here, ρc j is obtained by averaging the volumetric heat capacity of the primary cells touching the considered dual cell j.
The heat generated by the current is calculated at the dual cells, i.e., the voltages e are interpolated to the midpoints of the primary cells yielding E k where k counts over all primary cells. There, the power density is calculated by Q el,k = σ k E k · E k . The electrical contribution to the power then follows from
where q j results from averaging the powers from the primary cells to the primary nodes.
The topological operators G and S and the material matrices M σ , M λ and M ρc are put together in the discrete counterpart to (1) and (2), i.e.,
The degrees of freedom are the discrete temperature vector T = T(t) and the electrical potential vector Φ = Φ(t), while Q = Q el + Q bnd + Q bw is the discrete representation of Q. It includes Joule heating by the field model, the boundary term for convective and radiative effects as well as the selfheating of the bonding wires as explained in the next section. Subsequently, the time is discretized by the implicit Euler method.
For an overview of the involved quantities and their relation, the discrete electrothermal house based on [1] and [4] is shown in Fig. 1 . The figure consists of two parts showing the Maxwell house on the left hand side and the thermal house on the right hand side. The coupling is established due to the Joule heating term and the nonlinear electrical conductivity as illustrated.
B. Bonding Wire Model
To account for the different scales of the bonding wires in comparison to any other microelectronic components in their vicinity, the wires are not resolved by the grid but instead modeled by a lumped element approach. Assuming that
Q el = e j conduction is dominant compared to capacitive effects, pairs of mesh points are connected by an electrothermal conductance only. Here, the conductance G bw serves as a placeholder for both the electrical and thermal conductance G el bw and G th bw . This approach is illustrated in Fig. 2 .
For the implementation, the conductance matrix
needs to be stamped to the correct positions in the system matrices of (3) and (4) . If this is done for all N bw bonding wires present in the model, the extended electrothermal system reads
Here, S = −G represents the negative gradient matrix and P j is a bonding wire gradient vector consisting of 0, 1 and −1 entries that additionally handles the incidences between the contacts of the bonding wire j and the grid. The above equation assumes a linear temperature distribution across each lumped element with its average defined by
The vector X j contains two 1/2 entries and averages the temperature from both bonding wire connection nodes. To account for nonlinear temperature distributions, a single bonding wire can be modeled by a more complex model or by a number of concatenated lumped elements resulting in a piecewise linear temperature distribution. With these quantities defined, the Joule heating of a single bonding wire reads
Finally, the contribution of all bonding wires to the right hand side of (4) is given by 
IV. UQ FOR BONDING WIRES
While the methodology has been presented in the previous sections, an application example is given in the following. Bonding wires attached to a chip are modeled using the lumped element approach to realize an electrothermal simulation of the full package. Additionally, UQ is applied to account for the variations in the bonding wire lengths.
A. Exemplary Package
The example features 28 contacts and N bw = 12 bonding wires as shown in the X-ray pictures in Fig. 3 . Each wire connects the chip with one of the contact pads. Because only the contacts are accessible from the outside, a constant voltage is always applied over two adjacent bonding wires (e.g. wires 3 and 4 or wires 7 and 8).
The time until the wire fails depends on the applied voltage, the material properties and the geometry of the wire. Assuming that we know the voltage and the conductivity of the material accurately, the uncertainty is only related to the wires' geometry. While the thickness of the wires can be fabricated very accurately, the only unknown parameter remains to be the length of the wire. This length is not a priori known as it highly depends on the bonding process. By using the X-ray pictures in Fig. 3(a) and (b) , the lengths have been measured after fabrication.
B. Modeling of the Uncertain Bonding Wire Length
The correct length of a bonding wire depends on three parameters. First, the minimal length of a wire is given by the direct distance d between contact pad and chip as shown in Fig. 4a . Here, it has been assumed that the bonding was done such that the position of the wire's end points is exactly as planned by the designer. This means that the connection point on the contact pad is equally spaced (length a) to its edges. Secondly, any deviation from the perfect position on the contact pad leads to an elongation ∆s that adds up to the corrected distance D = d+∆s as depicted in Fig. 4b . Thirdly, any additional bending results in an additional elongation ∆h (see Fig. 4c ) giving the total wire length L = d + ∆s + ∆h. Due to the camera angle in Fig. 3b , the elongation ∆h could only be determined for 6 wires. For the other wires, the average value of these 6 measurements has been assumed. In the example presented here, only possible construction errors according to Fig. 4b and Fig. 4c have been considered to determine the uncertain elongations ∆s and ∆h, respectively.
The measurement of these different length parameters has been done for one chip with 12 bonding wire samples using the X-ray pictures shown in Fig. 3 . Instead of taking the total length L of a bonding wire as the uncertain quantity, the relative elongation δ = L−d L is used. The random elongations for all bonding wires, possibly of different lengths, are determined by the probability density function for δ. From the histogram shown in Fig. 5 , we identify a normal distribution with expectation value µ BW = 0.17 and standard deviation σ BW = 0.048 albeit the rather small number of samples. A more rigorous analysis would require the fabrication of additional test chips. 
C. Monte Carlo Simulation
Particularly, if the number of random input parameters is high, the Monte Carlo (MC) method is a well established technique to quantify the variation of outputs [11] . To this end, MC solves repeatedly the problem, i.e., in our case (3-4), for random sets of parameters. Naturally, the error committed by taking a finite amount of samples M is decreasing with increasing number of samples. It serves as a guideline for the necessary amount of samples and is approximated by
where σ MC is the standard deviation approximated with the M samples. The estimator unveils the rather slow convergence in terms of √ M . However, the application of other methods is straightforward.
V. SIMULATION RESULTS
A. Chip Model
The chip is modeled following the geometry obtained by measuring the X-ray pictures shown in Fig. 3 . All 28 contact pads have been modeled to be of equal width w pad = 0.311 mm. 24 of them have the same length pad = 1.01 mm, whereas the other 4 have a length L pad = 1.261 mm. As an approximation, all structures are approximated using rectangular shapes. Copper is chosen as the material for the bonding wires, the contact pads and the chip while epoxy resin is used for the mold compound. Additionally, the outer end of each contact pad is modeled as Perfectly Electric Conducting (PEC). In Fig. 6 , the model and the computational mesh are shown. The corresponding materials and their conductivities at T = 300 K are collected in Table I . 
B. Boundary and Initial Conditions
As electric boundary conditions, the PEC nodes are connected to a constant potential of V dc = ±20 mV such that the voltage over each of the 6 pairs of bonding wires equals V bw = 40 mV. For all other boundaries, current flow is prevented by setting homogeneous Neumann conditions. All non-PEC nodes are set to the initial potential V init = 0 V at time t = 0 s.
The thermal boundary conditions are as follows. For all boundaries, convection and radiation conditions with a heat transfer coefficient of h = 25 W/m 2 /K and an emissivity of σ rad = 0.2475 are chosen, respectively. As initial conditions, the whole chip is assumed to be at the ambient temperature T ∞ = 300 K.
C. Quantities of Interest
Since a possible failure of the bonding wires is investigated, we are interested in the temperature of the wires over time. As the wires themselves are not resolved by the grid (see section III-B), the representative wire temperatures are extracted from the end-points of the wires as given by (5) . The expectation value E j (t) for each wire temperature is calculated by averaging over all M samples, i.e.,
With the objective in mind that none of the bonding wires should fail, it is sufficient to pick out the wire that experiences the highest expected temperature E j (t). Therefore, we define E max (t) to be the maximum of the expectation values of all wires, viz.
Other stochastic moments, for example the variance or standard deviation, can be determined analogously.
D. Discussion
A Monte Carlo simulation with M = 1000 samples was carried out using the probability density function from Fig. 5 . With the simulation parameters as given in Table II , the Monte Carlo error as introduced in section IV-C calculates to error MC = 0.147 K. In Fig. 7 , the resulting expectation value E(t) for the temperature of the hottest wire is plotted over time. Error bars indicate the output variation resulting from the variability in the input, being the length of the wire. Assuming that a bonding wire fails mainly due to the degradation of the surrounding mold, a critical temperature T critical = 523 K ≈ 250
• C is defined to mark the threshold for failure. This critical temperature is inserted as a red line to indicate the upper bound for design validity.
Thanks to convection and radiation at the chip's boundaries, a stationary situation is observed after t ≈ 50 s. Then, the mean temperature of the hottest wire is still lower than the critical temperature T critical . However, the uncertainty in the lengths of the bonding wires leads to variations of the temperature with a standard deviation of σ MC = 4.65 K. As the failure of bonding wires is a relevant reliability problem, the 6σ-deviation is visualized by the error bars in the figure. For the given configuration, the variation may indeed influence whether a bonding wire fails or not. This can be seen as the error bars cross the critical temperature for t > 26 s. Fig. 8 shows the spatial temperature distribution at t = 50 s. As one would expect, the region where the contacts are closest and are connected by the shortest wires experience the largest temperature increase. These wires are the most sensitive in the system. This is confirmed by the fact that one of these wires is the one with the maximal temperature evolution shown in Fig. 7 .
VI. CONCLUSIONS
Bonding wires are included as lumped elements in a coupled electrothermal field model. By this, the behavior of the bonding wires can be checked already in the design phase. The thickness and material of the bonding wires can be selected by evaluating the simulation results.
As a possible application, a stochastic model for uncertain bonding wire lengths has been set up for an exemplary chip package. This uncertainty is included in the coupled electrothermal field model and affects the final operating temperature of the bonding wires. It is quantified in terms of expectation value and standard deviation. Concerning the investigated uncertainty of the bonding wires' lengths, it is important to recall that the used data set to extract the probability density function is very small. However, the simulation result of the presented example indicates that the relative influence of the uncertainties can be significant for the validity of bonding wire design.
Future research will incorporate more sophisticated bonding wire models and a comparison to bonding wire measurements.
